In the medical field and in soft robotics, flexible devices are required for safe human interaction, while rigid structures are required to withstand the force application and accuracy in motion. This paper aims at presenting controllable stiffness mechanisms described in the literature for applications with or without shape-locking performances. A classification of the solutions based on their working principle is proposed. The intrinsic properties of these adaptive structures can be modified to change their mechanical characteristics from a geometrical point of view or equivalent elastic properties (with internal mechanisms or with a change in material properties). These solutions are compared quantitatively, based on selected criteria linked to the medical field as the stiffness range, the activation time and the working conditions. Depending on the application and its requirements, the most suitable solution can be selected following the quantitative comparisons. Several applications of these tunable stiffness structures are proposed and illustrated by examples of the literature.
Introduction
Soft tools with controllable stiffness performances can have applications in the medical field, as in Minimally-Invasive Surgery (MIS) in which the endoscopic tools are mainly used [1] . On the one hand, the flexibility of these medical devices is appreciated as they can follow tortuous paths with little to no interaction force with organs and with low risk of damaging tissues or causing pain to the patient, being therefore a safer mode [2] . On the other hand, rigid tools are required during medical interventions to transmit force during punctures, biopsies or grasping tasks, for supporting other tools and to bring accuracy in positioning [2] .
These needs can be illustrated with the problems encountered during colonoscopies when the colonoscope forms loops in the colon [3] . The colonoscopes have to be very flexible, but also able to resist buckling [4] . The stiff shafts help for avoiding the loop formation, but not for traveling through a tortuous path (causing more pain when a loop happens), while the flexible shafts can ease the motion through a tortuous path, but cause more frequent apparition of loops. Several solutions exist as use of an overtube, use of stiffening wires in the biopsy channel or switching to/from a pediatric colonoscope via a guidewire, but these solutions may cause complications or increase the duration of the interventions [5] . A controllable stiffness device could solve these issues.
Such adaptive devices can also solve issues in cardio-vascular medicine. The vascular occlusion (cardiovascular disease) is a reduction of the cross-section of a blood vessel. One of the possible interventions for removing this occlusion consists of positioning a stent. In this case, a guidewire has to pass through the occlusion such that a balloon catheter can deliver the stent at the right location [6] . Therefore, the guidewire has to be flexible enough to reach the stenosis, having followed a possible tortuous path through the blood vessels. Once it has reached the stenosis and in order to pass through the occlusion, it requires a rigid support to avoid buckling or deformation due to the force application. During treatment of Chronic Total Occlusions (CTO), 63% of the procedural failures are due to the inability of the guidewires to cross the occlusion [7] . The use of guidewires with controllable stiffness (a flexible state for navigation and a rigid state for force application) would help these interventions, as currently, the guidewires are selected with respect to their fixed properties [8] .
Variable stiffness mechanisms can also be applied to other fields as for instance soft robotics. Variable stiffness solutions can be used in robotics for the development of a foot [9] , in adaptive vibration damping [10] , in bio-engineering for developing extracellular matrix [11] , in architectural structures, in haptic interfaces or in robotics and grippers [12] . The change of stiffness can also be used for universal orthopedic casts, customized seatings and adaptive surfaces for aerodynamism properties [13] .
In order to solve this duality on the stiffness requirements, various controllable stiffness mechanisms and adaptive structures have been proposed in the literature. This work proposes a review for controllable stiffness solutions. Section 2 proposes a classification of the solutions based on their working principle. This classification is illustrated with examples from the literature. Section 3 gives the requirements of variable stiffness mechanisms for medical applications, but with a general purpose of quantitatively identifying the solutions. Section 4 gives a quantitative comparison of the solutions developed in the literature and introduced in this work. Finally, Section 5 gives examples of applications of the controllable stiffness solutions.
Basic Principles and State of the Art
The various controllable stiffness solutions can be classified following several criteria such as: stiffness ratio, stiffness range, ultimate or yield stress, activation stimulus, working principle [3] or actuation technology and energy [14, 15] . In this review, a first classification based on the working principles influencing the flexural stiffness is introduced and summarized in Table 1 . Only the reversible solutions have been selected: it is possible to switch from a flexible state to a rigid one, and inversely, several times. Some solutions are binary (having only two states), while others demonstrate multiple possible stiffness values or even a continuous change in stiffness. Some solutions can be deformed in the flexible state and locked in this configuration by switching to the stiff state (shape-locking), while others are limited to a given shape.
This classification is based on the intrinsic properties of the solutions. The flexural stiffness (E b I) of a mechanical structure is the ability of a structure to resist bending [16] . It is defined as the product of the elastic modulus in bending (E b ) and the second moment of area (I). It takes therefore into account the intrinsic properties of the material and the geometry of the structure. The first class of solutions is based on these intrinsic properties. Two main families of controllable stiffness solutions based on intrinsic properties of the structure can be defined: the first is based on the change of the second moment of the area of the structure, and the second is based on the change of elastic properties of the structure. Another class represents the active solutions acting like actuators resisting the bending force applied on the structure. Table 1 . Classification of controllable stiffness mechanisms and solutions. The first two families are based on intrinsic properties change (geometrical and elastic properties). The third family counts the active solutions operating as actuators.
Classification
Acronyms References
Geometrical Properties
Cross-Section Shaping CS [17] [18] [19] Structural Interactions 
The stiffness change can be obtained by changing the geometrical properties of the cross-section of the structure, either by modifying the cross-section or by changing the structural interactions of the elements forming the structure.
Cross-Section Shaping
The change in cross-section (shape and/or dimensions) leads to a direct change of second moment of area (I) of the structure. This modification can lead to an increase or a decrease of flexural stiffness (E b I) while keeping the same material properties. Increasing or displacing the amount of material further away from the central axis as illustrated in Figure 1a and expressed by Equation (1) leads to an increase in flexural stiffness (E b I). In this family, the external dimensions of the structure may be modified. Solutions based on folding mechanisms (e.g., origami [17] ), shape memory effect (e.g., polymers [18] ), pneumatic expansion (e.g., some fluidic actuators [19] ) and other mechanisms can modify their cross-section easily in response to a stimulus. In these cases, no shape-locking is possible, and the initial configuration is the only stable one.
with the cross-section plane defined by the x and y axes and x and y are the coordinates of the area element dA [16] . 
Structural Interactions
Another class of solutions can modify their geometrical properties (second moment of area I) with no change of external dimensions as seen in Figure 1b . The basic principle relies on the interactions between structural elements composing the structure. The structures correspond to multi-layer beams made of a single or multiple materials. The flexural stiffness of multi-layer beams depends on the geometry and the interactions of the layers composing the beam [31] . In the flexible state, the layers are decoupled, and the global second moment of area (I) corresponds to the sum of the one of each layer. In the rigid state, the layers are coupled, and the beam behaves as a single larger beam with a strongly larger second moment of area (I). The locking of the structural elements can be obtained by applying a force (from a pressure difference, the tension of a wire, electrostatics) or by modifying the inter-layers shear properties (by heating, applying an electrical field, etc.).
In the case of solutions based on a "multi-layer beam made of a single material", the change in second moment of area, while keeping the same material properties, leads to a change of stiffness. The second moment of area is modified by adapting the interactions between the layers surfaces during the stiffening process. The beams can be made of thin sheets (bending in one direction) or made of wires with square sections (bending in two directions), placed in a membrane. Decreasing the internal pressure of the membrane locks the linear elements due to the atmospheric pressure in the surrounding environment. Micro-machining the surface of the sheets helps change significantly the friction between the sheets and therefore the locking of the elements [20] .
Jamming the layers of the beams is performed by electrostatic or pneumatic forces using passive elements in [21] . In the electrostatic application, the polyimide films generate friction on each other due to electrostatic force, and the bending stiffness increases with the voltage. In the pneumatic version, a phase transformation via a micro-heater induces a pressure change in a silicone balloon. In [22] , the locking force is induced by Shape Memory Alloy (SMA) wires heated above their transition temperature, while in [23] , the buckling of springs are used to lock the layers together.
The "jamSheets" interface is developed for tunable-stiffness display of multimedia content, shape-changing furniture and innovative shoes [24] . This interface is based on multiple thin layers enclosed in a membrane and actuated by a pressure difference. The performances depend on the resistance of the materials composing the sheets to tensile and compressive bending forces. The device becomes more rigid if the vacuum and/or the number of layers is increased [25] .
In the case of solutions involving "multi-layer beams made of multiple materials", the mechanical properties of some layers are modified, causing a change in inter-layer interactions and therefore in stiffness. In these solutions, several layers with different materials are used. Rigid materials (typically metallic) are connected via softer intermediate layers (typically polymeric). When the shear modulus of the intermediate layers is high enough, the layers are coupled, and the structure has a large second moment of area (I). When the shear modulus decreases (for example, by heating the polymers), the stiff layers are decoupled leading to a decrease in the second moment of area (I). The bending elastic modulus (E b ) of the intermediate layers is also modified, participating in the change in global stiffness. A multi-layer beam made of two stiff layers separated by a polymeric layer is described in [26] . A flexible heater is used to modify the temperature of the polymer and change its shear behavior in order to couple or decouple the stiff layers. In [27] , a Shape Memory Polymer (SMP) demonstrates a variable stiffness element in a sandwich configuration with rigid elements.
Elastic Properties
The structure can be compared to an equivalent homogeneous material with the same dimensions. The change of equivalent elastic properties can be obtained by directly changing elastic properties of the materials composing the solution or by modifying the interactions of its structural elements. It is possible to induce a prestress acting against the external forces by locking multiple elements. Preventing the deformation of the structure can be obtained by locking longitudinal elements as their lengths are fixed, and they cannot slide with respect to each other. It is possible to combine all of these principles to obtain hybrid solutions.
Material
In the change of stiffness due to intrinsic material properties, the solutions can be grouped in several categories: phase transition (low melting point materials as wax, alloys or polymers), glass transition (shape memory materials, biological materials) and rheological fluids (electro-and magneto-rheological fluids). The intrinsic properties of a material can be modified by heat, chemical reaction or electro-magnetic field. A review of several thermal-based variable stiffness solutions is proposed in [41, 42] . These solutions are based on the use of a matrix (foam, lattice) filled with thermally-reactive fluids (Magnetorheological (MR) fluids, solder, hot glue, wax) or on thermo-responsive materials. In the flexible state (with no field for rheological fluids and above the characteristic temperatures for the phase and glass transition temperature), the structure can be distorted for a lower range of forces. In the rigid state (with field for rheological fluids and below the characteristic temperatures for the phase and glass transition temperature), the structure is locked in the configuration and can resist higher forces than in the previous state.
The group of materials used in the phase transition-based solutions counts, for instance wax, solder and low melting point material (alloy, polymer).
• Wax: Foam-like structures covered with wax are rigid at ambient temperature and flexible at higher temperature [43] . When these structures are heated up, the wax changes phase, and the structure has the flexibility of the inner structure (e.g., foam). The advantages of this solution are the availability, the low cost and the ease of manufacturing of the elements while performing well.
• Solder: A worm-like robot demonstrates the use of polymeric elements connected by solder-joints for controllable stiffness performances [44] . A crawling robot with "solder-activated joints" uses joints with the phase-change as the locking mechanism [45] . The first phase-change joints (made with hot glue sticks) have been studied by Boston Dynamics. The global stiffness of the device can be adjusted by controlling the temperature of each element and joint. The elements contain thermorheological fluids, while the joints are made of solder-alloy mixture (60Sn-40Pb and Chip Quik) to lock or unlock the structure [44] .
• Low melting point material: A solution based on Low Melting Point Alloy (LMPA) is presented in [32] . Joule losses are used in a circuit made of Galinstan in the liquid phase at ambient temperature (being therefore a soft heater). A thin layer of Field's metal is heated by the latter circuit to change its phase and therefore its mechanical properties. A solution based on Cerrolow 117, an LMPA, integrated in a PDMS shell uses Joule heating by voltage difference applied on the LMPA for phase transition and stiffness change [34] . Joule heating of Cerrolow 117 embedded in dielectric elastomer is also used for a variable stiffness gripper [35] . An overtube for endoscopic applications based on LMPA is described in [36] , using hot water to activate the change in stiffness. Numerous low melting point polymers are available with various transition temperatures [13, 38] . The performances of such solutions will depend on the design, which could be optimized for obtaining very high performances [39] .
Some solutions are based on the glass transition of the materials. The heat transmission can be performed by using a water flow [38, 39] , air [61] , Joule losses [13, 62] or magnetic induction [57] . Conducting polymers actuated with low voltages (<1 V) are used to develop a new catheter in [154] . The latter solution is proposed for actuated catheters with controllable tip orientation.
Smart materials are stimuli-responsive materials. They interact with the environment for example through acoustic, electromagnetic, optical, chemical, thermal or mechanical stimulation [155] . Some smart devices, based on smart materials, can adjust their stiffness. Shape memory materials are materials (alloys, polymers, gels or composites) that can be programmed to change their shape or properties for a given stimulus. Shape memory materials can be used for their shape memory performances (e.g., for actuation) or for their stiffness change ability.
The Shape Memory Alloys (SMA) are metals that can stay in a defined shape and go back to another shape via a heat stimulus. The nickel-titanium (NiTi) alloy is frequently used. For the latter, the elastic modulus (slope of the linear initial elastic region of the stress-strain curve) and the yield stress increase with the temperature [46] .
A review of Shape Memory Polymers (SMP) [47] gives a comparison between SMP and SMA. The SMP can present a larger deformation, a larger range of elastic modulus around the transition temperature and a lower cost than the SMA. Electrical elements can be mixed within an SMP to induce Joule losses when a current flows through the SMP, inducing the thermal activation of the polymer. Nanoparticles of iron can allow for magnetic interaction (via magnetic induction and iron losses heating) [57] .
Shape Memory Gel (SMG) is used in links of a robot, switching between flexible links (hot SMG) and rigid links (cold SMG) [61, 62] . The change of stiffness in SMP is obtained around the glass transition temperature T g , while it is obtained around the crystallization temperature for SMG.
The Magnetorheological (MR) and Electrorheological (ER) fluids change their rheological behavior when subjected to, respectively, a magnetic and an electrical field. The yield stress increases with this external field. These fluids are composed of micrometric scale particles [65] . The main disadvantages of the rheological fluids are sealing, homogeneity and environmental issues [14] . These fluids can be used in variable stiffness solutions. For instance, a locking mechanism based on bellows filled with rheological fluid can change the stiffness of the device presented in [66] . In the soft mode, the bellows can be filled by or emptied of the fluid through a valve. Once the fluid is activated, the bellows are locked in a given configuration. Moreover, the multiplication of microchannels filled with MR fluid permits a better effect for lower fields [69] .
Some biomaterials can show effective change in stiffness. The echinoderms (for instance, the sea urchins, the sea cucumbers, the starfish, brittle stars and sea lilies) can modify the stiffness of their skin through quick and reversible collagen fiber linking [39] . The interactions of the collagen fibrils can be regulated by their nervous system such that the stress transfer is modified and therefore the stiffness [81] .
A nanocomposite polymer inspired by the ability of the skin of sea cucumber to change its stiffness under a given stimulus is reinforced with cellulose fibers [82] . In the natural state, the result is rigid due to the interactions of the nanofiber through hydroxyl groups. Lowering down these interactions by a chemical regulator leads to a decrease in stiffness. In the sea cucumber, the matrix is filled with collagen fibrils that interact via glycoproteins to adapt its stiffness, while in the new model, the matrix made of polymer is filled with cellulose whiskers that interact with hydrogen bonds. A solution based on PVAc (poly(vinyl acetate)) and cotton cellulose whiskers gives similar results in terms of stiffness change due to the temperature change, but decreases the absorption of water [83] .
Structural Interactions
In the "bulk locking" mechanisms, the solution is composed of several elements in its volume (in the longitudinal and lateral directions). The change of stiffness is obtained by modifying the interactions of all of these elements. The size of the elements compared to the characteristic dimensions of the structure can range from relatively large (discrete deformation and shape-locking) to very small (almost continuous deformation and shape-locking). With this solution, it is possible to deform the structure in the flexible state and to lock it in a given configuration when switching to the rigid state. The change of interactions can be obtained by electro-magnetic field, pressure difference, force application or chemical reaction.
One of the known applications of bulk locking is called "granular jamming", as illustrated in Figure 2A . The granular jamming solution is based on a granular material embedded in a membrane. The stiffness of the sample can be modified by the pressure difference across the membrane. When the pressure difference is low (the pressure in the sample is close to the pressure of the surrounding environment), the grains are free to move with respect to each other, and the system is flexible [85] . When the pressure difference is increased, the system is more rigid as the grains start to lock with each other. The volume change can be very small to switch from a flexible state to a more rigid state [88] . Various parameters influence the performances of this solution, as the shape, size and material of the particles [12, 91, 92, 96, 101, 102] , the membrane [94] and the configuration of the structure [99] .
A B Figure 2 . Bulk locking solutions: the arrows represent the interaction forces between the elements. (A) Granular jamming: the grains can be locked with each other due to application of an external force; (B) turgor pressure: inspired by the plant, the elements can be locked with each other due to internal forces influenced by the surrounding environment.
Another solution based on bulk locking is similar to the turgor pressure in plants. The turgor pressure is the pressure exerted by the incompressible fluid filling the cells on their wall [113] as represented in Figure 2B . A model in which the cells are considered as delimited by elastic membranes and filled with water is proposed in [113, 114] . A model based on foam with closed cells filled with fluid can estimate the value of the elastic modulus as a function of the turgor pressure of carrot tissues [115] . The leaf support depends on the biomechanical characteristics of the petioles [116] . A model to link the bending stiffness and the cell radius is proposed in [116] , based on shape transformers and validated by experimental results. The elastic modulus of apple and potato tissues is evaluated in [117] , while the hardening of plant food when it is dried is studied in [118] . The bending stiffness of petiole can be evaluated based on the cross-section geometry [119] .
In the "segments locking" mechanisms, the structure is divided into several elements over its length. Only one single element lies in the section. The change of stiffness is obtained by modifying the interactions of these segments. The principal stimulus is the tension of longitudinal cables, but other stimuli could also lock the segments as a magnetic field or a difference of pressure.
Several locking principles can be found and are represented in Figure 3 . The tension of several wires (A) or a central wire (B) is used to lock the segments and to induce a stiffness change. The segments can be beads [122] , cylindrical elements connected by spherical joints [1, 123] or rigid cylindrical elements [125] . The change of stiffness comes from the friction between the elements due to the tension in the cables [2] . The tensioning of multiple wires is already used for tip control of medical devices [156] or snake-like robots [2] .
A B C D The use of bellows-like segment connectors (C) allows for locking the segment with a defined angle. The use of an inter-segment made of soft material (D) can lead to a locking of the segments over the whole section. The stiffness of a multilayer structure (a rubber layer between two rigid plates) can be modified by its compression [130] . A solution based on an endoskeleton-like structure is proposed in [131] . The endoskeleton-like structure is made of soft and rigid segments. A cable is tensioned, which compresses the soft joints, increasing the lateral stiffness of the structure (as the compression of the soft joint decreases the effect of the moment on the bending of the structure).
The size of the segments induces a discrete or almost continuous deformation, depending on the size of the segments. With this solution, it is also possible to deform the structure in the flexible state and to lock it in a given configuration when switching to the rigid state.
In the "longitudinal elements locking" mechanisms, the solution is divided into several elements over its section. The change of stiffness is obtained by modifying the interactions of these elements. These interactions are longitudinal with respect to the structure. The stimuli can be a pressure difference, force application or the phase change of specific materials. The lateral size of the segments induces a discrete or almost continuous deformation. With this solution, it is also possible to deform the structure in the flexible state and to lock it in a given configuration when switching to the rigid state.
The longitudinal elements can be thin plates ("layer jamming") or wires ("wire jamming") as seen in Figure 4 . The stiffness increase is due to low or no relative displacement between the longitudinal elements via a locking mechanism. This locking may be induced by friction (a) of flat laminates [111, 132, 133] or by shape conformity (b) (with texturized surfaces as the "dragon skin" [134] or specific geometries [135] that lock with each other when the elements are mechanically coupled). A device inspired by the eukaryotic flagellum is proposed for controlling the tip position and orientation and for controlling the global stiffness of a hollow tube [137] . Interlocking fibers are placed in a circular configuration. The sliding of the fibers can be prevented by vacuum, rheological fluids, phase transition material or SMA-clamping. The FORGUIDE mechanism is based on the locking of wires by overpressure [138] . The prototype is made of an external axially-rigid coil, an internal balloon filled with water (that can be pressurized) and wires between the coil and the balloon. These wires can slide in the flexible state to allow for bending and are locked when overpressure is applied in the water.
Hybrid
A combination of the previous solutions leads to hybrid solutions. It is possible to change the material properties between some rigid links to ensure a controllable stiffness device [44] . The locking of structural elements can be obtained with rheological fluids or phase transition materials [137] .
Actuator-Like Solutions

Fluid-Based Solutions
A controllable stiffness solution for robot joints based on air-pressurized chambers is proposed in [139] . A chamber is made of silicone with a braided reinforcement to avoid expansion due to pressurization as schematically represented in Figure 5A . The design of this joint is such that its default state is flexible and therefore safe. A module in the STIFF-FLOP (STIFFness controllable Flexible and Learnable manipulator for surgical OPerations) project is tested with several stiffening solutions such as granular jamming, cable-tensioning and air pressurization [140] . The results of the tests showed that the granular jamming gives the stiffest solution while the change of stiffness is larger for the cable-driven solution. Pressurizing the chambers leads to a decrease of stiffness. Another pressurized air-based solution for the STIFF-FLOP project is presented in [141] .
The Fluidic Flexible Matrix Composite (FFMC) is another solution based on a fluid (e.g., oil or water [143] ) that can achieve variable stiffness. The fluidic channels are embedded in a matrix as schematically represented in Figure 5B . The soft state is obtained when the fluid can flow through the opening of the channels. The stiff state is obtained by closing the entry valve due to the bulk modulus of the pressurized fluid [144] . The blocked state can resist large forces with low pressure in the fluidic network [145] .
A B 
Mechanical Solutions
The variation of a lever arm with a spring can lead to the modification of the effective stiffness observed at the end of the arm [146, 147] . Several solutions can be adapted by varying the pivot point, the force application and the spring position along the arm. This solution is used in rotation for joints in robotic applications. A variable impedance control allows for having a variable virtual output impedance, as illustrated by the Variable Impedance Differential Actuator (VIDA) in robotics [148] . Electrostatic brakes are used for locking the joints of a robotic hand in a given configuration [149] , creating a shape-locking effect and an increase of stiffness through the locking of the joints.
Muscles
The change of stiffness is one of the most important characteristics of muscles. Hunter and Lafontaine [151] made a comparison between mechanical actuators and real muscles about their performances (stiffness gain and range, efficiency, density, etc.). The stiffness of muscles and fibers are modeled and measured in [152] . A model for striated muscles [153] shows the increase of muscle's stiffness due to its activation.
Flexible Medical Instruments Requirements
The review of actuated endoscopic devices in [157] introduces specific requirements and characteristics: diameter, length, bending angle, radius of curvature, number of degrees of freedom and torque. The reviews about variable stiffness solutions in [3, 14, 15] give the following criteria: speeds of flexible-rigid states change (and the influencing parameters), scalability, stiffness in flexible-rigid states (flexural stiffness, force-displacement characteristics, elastic modulus), stiffness variation, stiffening mode (bending, tension/compression, torsion), ability to deform (tortuous path), ease of use, ease of produce, materials and stimulus.
The goal of a controllable stiffness medical device would be to have a rigid state with a flexural stiffness larger than the stiffest device of the same category currently available on the market, while the flexible state would be softer than the softest device. With this target, the medical tool with controllable stiffness would have a larger stiffness range than currently available on the market. For example, a variable stiffness endoscope would have a rigid state stiffer than the most rigid endoscope on the market and a soft state more flexible than pediatric endoscopes (Table A1 gives a review of several endoscopes with their stiffness and their characteristics). Currently, many of the endoscopes have a defined rigidity that cannot be changed [3] , and the physician selects the most appropriate endoscope, with a suitable stiffness, for the intervention. The flexural stiffness is the principal quantitative parameter evaluating the performances of controllable stiffness solutions. Other requirements for medical devices can take place in the comparison of the several possible solutions for controlling the stiffness. Table 2 summarizes the quantitative requirements applicable to flexible medical instruments. The ultimate force or stress is also important. It determines when failure may occur. The ultimate force that the structure can resist should be lower than normal forces encountered during medical interventions. These forces influence the design of the medical devices. The forces encountered in normal Natural Orifice Transluminal Endoscopic Surgery (NOTES) procedures ranges between 0.9 N and 3.3 N [104] . A value of 2.5 N is needed for insertion of a needle and other classical soft tissue surgery [133, 162] . It is recommended in [159] that a NOTES device should be able to work with forces of 16 N.
The speed with which stiffness changes is an important parameter. The fastest solutions are the most attractive [104] . An increase in the duration of a medical intervention represents an increase in cost and risk for the patient.
The scalability of the solution is required for small-sized applications. In Minimally-Invasive Surgery (MIS), the smallest size of tools is required to decrease the inconvenience of the patients. Scaling down solutions may limit their functions and therefore their possibilities. A review of endoscopic tools showed that the outer diameter of commercial endoscopes depends on the type of endoscope (gastroscopes, colonoscopes, duodenoscopes, etc.) [160] . The colonoscopes have diameters up to 15 mm.
The working conditions in which the solution is operating may influence or be influenced by the stimulus causing the stiffness change. For example, if the solution requires being heated, excessive temperatures are not tolerated for medical devices. A maximal surface temperature of 41 • C is suitable for working in the human body [161] . If a temperature of 48 • C is applied on the skin, it cannot stay more than 40 s to avoid skin burning [58, 163] . The solutions based on pressure differences have also to be limited in their action to be safe for the patient. The use of electrical power should not be too excessive to avoid electrocution.
Biomedical considerations are required for biomedical applications. Use of biocompatible material and biocompatible working conditions is mandatory. Furthermore, disposable devices can have constraints such as production cost and conformity with existing medical devices. Re-usable devices may have less production cost constraints, but cleaning, maintenance and lifetime requirements. Use of toxic materials or, for instance, high fields has to be avoided. An ease of use may be required for a final application in which the physician will have to adopt and use the solution during interventions.
Specific Characterization
Flexural Stiffness
The variable stiffness of the solutions can be compared on the range of stiffness that they can reach (from their minimal up to their maximal values) or on the stiffness ratio that can be achieved. Figure 6 summarizes the comparison of the solutions that have been quantified in the literature and collected in this work. The comparison is based on their stiffness gain defined as:
with EI stiff and EI flexible the flexural stiffness of the device in rigid and flexible state, respectively. The stiffness change can be very high when specific materials are selected. Solutions based on bulk, segments and longitudinal locking shows limited performances compared to multi-layer beams and material-based solutions. This stiffness gain (η EI ) often depends on the design and dimensions of the structure. For example, when the layers of multi-layer beams are completely locked (the device behaving therefore as a single thick plate), the stiffness gain depends quadratically on the number of layers composing the multi-layer beam [20, 22] . As the stiffness change depends on the number of layers, the use of thin and flat layers improves the performances of such solutions [25, 164] . The optimal stiffness gain η EI of multi-layer beams made of multiple materials is obtained when the stiffness of the coupled beam is high, the intermediate layers of polymer are large and the boundary layers have large stiffness [29, 30] . Currently, most of the endoscopes have a fixed stiffness. An improvement would be to have controllable stiffness endoscopes. In Figure 7 , a comparison of endoscopic-like solutions (having a tubular shape with similar external dimensions) is performed based on their flexural stiffness. The upper limit corresponds to the stiffest endoscope currently available on the market, and the lower limit corresponds to the stiffness of pediatric endoscopes defined in [158] . Therefore, the goal is to have a flexible state more flexible than a pediatric endoscope and a rigid state more rigid than the stiffest endoscope. With this target, the controllable stiffness endoscope would have a larger range than the endoscopes on the market now. The performances of the solutions are compared with current endoscopes. The upper limit of bending stiffness corresponds to the stiffest endoscope on the market, and the lower limit corresponds to the softest one (pediatric type). "L. locking" stands for "Longitudinal locking", "S. locking" for "Segments locking", "Pneumat." for "Pneumatic solutions", "Turgor" for "Turgor pressure" and "LMPA" for "Low Melting Point Alloy".
Granular jamming based on a vacuum gives a stiffness increase proportional to the vacuum applied [98] . The elastic modulus in plant-like structures depends linearly on the turgor pressure [113, 114] . In layer jamming based on friction, the force locking the layers depends on the pressure difference (obtained by vacuum) and the contact characteristics (surface, friction and number of sheets) [132, 133] . If the friction is too large, the change of stiffness is lower as even with a low pressure difference, the layers are already locked with each other. Some disadvantages of wires tensioning are that the tension has to be high, and therefore, the wires have to be thick; and sufficient space is required for this working principle [132] . The stiffness can be adjusted by the tension of the cables with a quasi-linear relationship [2] . As the tension force can be high, downscaling the segments and wires has therefore limitations [138] . Figure 8 gives design information about material-based solutions. The objectives of pediatric and stiff endoscopes are illustrated for the flexural stiffness. Depending on the dimensions and the material chosen, the flexural stiffness range that can be achieved is illustrated in this graph. These data can help to design a structure for a desired stiffness or to select the material adapted to the dimensional constraints. 
Ultimate Force
The flexural stiffness of the solutions gives their ability to resist external load in an elastic regime. Small deformations are allowed. Nevertheless, the ultimate force or stress is another important parameter. This value will give the maximum loading conditions with which the structure will still function.
The yield stress and the elastic modulus (initial slope of the stress-strain curve) are increasing with the turgor pressure [117] . In layer jamming based on friction, the stiffness is very similar for different vacuum levels, while the ultimate stress is increasing with the pressure [132, 133] .
The elastic behavior of MR and ER fluids is difficult to evaluate, and the literature gives the yielding stress for both fluids [67] [68] [69] [70] 72] . MR fluids give higher yield results than ER and can work at lower voltages [66] . The same difficulties are encountered for solder-based solutions for which an ultimate force can be easily measured [45] .
Activation Time
The granular jamming has advantages over other tunable stiffness solutions as a fast response (lower than 1 s [12, 89, 98] ) and a simple mechanism [112] . The locking of segments by fluid pressurization allows for controlling all of the joints at the same time independently of the shape and gives good activation time performances [135] . In thermal-based solutions, the activation time ranges from less than one second up to minutes [32, 38, 44, 47, 58] . Phase-changing materials are suitable for applications with high stiffness, fast and low power locking/unlocking. The wax/hot glue solutions take more time to melt and cool down than solder [45] . The change of rheological properties is obtained in a few milliseconds [66, 78] . Figure 9 gives a quantitative comparison of the activation times for several solutions. The values often depend on the design, dimensions and stimulus used. For the solutions based on vacuuming and pressure difference, the activation time is related to the amount of air to be removed and to the performances of the pump [107] . The transition between the states can be assumed to be instantaneous for the solutions based on wire tensioning. The solutions involving the change of materials properties show longer activation time, and a proper design may improve their performances. 
Scalability
Small scale [91] up to large scale [99, 101] granular jamming systems have been demonstrated in the literature. Multi-dimensional foldable structures based on granular jamming are presented in [110] . The granular jamming is applicable to many sizes of grippers (from diameters D gripper = 4 mm up to
The multi-layer beam solution can easily be scaled. Large design (45 cm × 152 cm [24] ) also gives good results. As the stiffness change depends on the number of layers, the thickness of the layers will limit the scaling down of the solution. The performances of a prototype based on segments locking with sub-millimeter beads have still to be studied, but scaling down to small beads (1 mm × 1 mm) has already been validated [122] .
Medical Requirements
For medical applications, the temperature that is reached by the device has to be limited. Indeed, the surface of a medical instrument in the human body should not exceed 41 • C [8] . Heat transmission is required for these solutions. New flexible heaters can be developed. Using a polymer on which a copper layer can adhere would lead to directly embedding electronics on a polymer [155, 165] .
In [38] , two designs of a device based on thermally-activated polymer for stiffness control are proposed. The first consists of a single rod with inner channels containing a thermally-controlled fluid that can transmit heat to change the stiffness of the device. This tube would be placed in the endoscope to act on its stiffness. The second solution is an overtube acting similarly, but placed around the endoscope. The working temperatures are 43 • C for the hot state and 5 • C for the rigid state. The system is fail-safe, as the human body temperature is used to have a close to flexible state in normal conditions. The required elastic modulus for the extreme temperatures are estimated based on a given design and the flexural stiffness (E b I) of current endoscopes for a transition temperature T g close to 37 • C. In [69] , a change of compliance is observed for small magnetic field (10-35 mT, while other solutions may require a field up to 1 T). Microchannels are filled with MR field; the multiplication of these channels permits a better effect for lower fields and safer working conditions. In solder-based solutions, the Chip Quik solder is chosen as it has a low working temperature and is non-toxic. The joints are heated with strain gauges used as the heater with a flowing current [45] .
Applications
Medical Devices
Several medical instruments in colonoscopy can have benefits of variable stiffness mechanisms to avoid looping. Some are already developed and work properly. The formation of loops is responsible for 90% of the pain during colonoscopy [166] . An overtube (Shape-Locking Guide-SG-1, by USGI Medical Inc., San Clemente, CA, USA) with variable stiffness capacity can be locked in any configuration, which allows for better support during intervention. Nonetheless, the additional size of the overtube may cause less comfort to the patient [166] . A variable stiffness colonoscope has been developed by Olympus Corporation to avoid the use of stiffening wires or an overtube during interventions requiring a change in stiffness of the device [166] .
The challenge for easier and safer endoscopic procedures would be to have a highly flexible endoscope while requiring low support force from the wall of the colon (or other organs) [124] . Several variable stiffness solutions can be applied to endoscopic and/or laparoscopic applications [3, 104] .
The granular jamming principle based on suction is suitable for medical applications as the system is intrinsically soft and flexible. Furthermore, the use of suction is less dangerous than a source of high pressure in the human body. In 1973, the granular jamming is already used for patient-adaptive splints [108] . Vacuum mattresses, which prevent patients from moving, have been invented by Loeb [167] . The granular jamming can be used in the development of innovative prosthetics [90] . The STIFF-FLOP project proposes to use the granular jamming based on ground coffee material for a stiffening chamber used in laparoscopic soft device [103, 104, 106, 109] . The granular jamming is also explored for endoscopic applications with an overtube for colonoscopy in [96, 97] .
A multi-segment outer sheath for endoscopic interventions is presented in [135] . The "dragon skin"-based endoscope is safe for medical application as it is intrinsically flexible and working with low pressures [134] . Another layer jamming-based tubular solution (targeting endoscopic applications) is proposed in [132, 133] .
"Multi-layer beam"-based devices can be used in medical sport fields [21] . The multi-layer beam principle can also be applied to adaptive wheelchairs with, for instance, the patented Varstiff device [25] .
Several snake-like robots, made of rigid links or beads that can be locked by tensioning a cable, are presented in the literature [2, 122, 125] . The ShapeLock technology [127] [128] [129] is based on a similar locking principle. It is used for improving grasping tasks in endosurgery while giving enough flexibility during the insertion. Similar endoscopic applications can be found in [124] . The ShapeLock mechanism is based on segments locked by wire tensioning to freeze the device in a given configuration and to increase its rigidity [138] . The Highly-Articulated Robotic Probe (HARP) is an endoscopic tool using cable tension to lock its joints and segments [1, 123] .
The Aquaplast, Turbocast, Orfit, Watercolors, etc. are medical devices made of thermoplastics that can be used as orthosis and splints [168] . These thermoplastics are heated to be molded to fit the patient's anatomy [168] . Thermoplastics can also be used for developing innovative overtubes [38] .
Numerous medical applications of SMA can be found for active-bending guides and catheters. A variable stiffness tool for minimally-invasive surgery is made of a central spring used as a backbone and three SMA wires placed around [53] . Active endoscopes [50] , laparoscopic grippers [49] , active catheters [52] , micro-catheters [169] and neurosurgical robotic structures [51] are examples of the use of SMA in the medical field. SMP can also help in the medical field with needles being softer when heated by contact with the skin or with adaptive devices [54] . SMP are used in other biomedical applications: an SMP-based stent with drug release [170] , endovascular devices [171] , suturing solutions and implants [56] .
In the medical field, a magnetic field can be used to control ablation catheters [172] or guidewires [173] . An MR fluid-based device for leg exoskeleton is presented in [71, [74] [75] [76] [77] . A knee prosthetic for amputees with an MR fluid-based damper is presented in [80] . An MR fluid damper is also used in the development of active ankle prosthetics [72, 174] . An active knee brace is presented in [79] and an MR fluid-based knee prosthesis in [78] .
Patented Medical Applications
Granular jamming is applied for example to penile implants and protection systems [167, 175, 176] . The layer jamming is present in various patents [177] [178] [179] . Cable tensioning solutions are mainly used for controlling the stiffness of shafts [178, 180, 181] . ER fluids could also be applied to penile implants [182] and medical devices [183] . The use of thermoplastics for medical devices is illustrated in [184] [185] [186] [187] [188] [189] .
Aerospace Engineering
Reviews for variable stiffness solutions are proposed in the literature for aerospace applications in [15, 190, 191] . In this field, the morphing solutions are applied to adaptive aircraft. This morphing corresponds to shape, area or volume change. These objectives can be achieved by using materials with variable properties or mechanical adaptive structures [191] . This field of applications is really challenging and presents currently a high interest for improving the aircraft performances [190] .
Soft Robotics
In the field of soft robotics, soft robots can have rigid links, but they can have soft interactions with their environment thanks to an adaptive control. Another class of robots is made of soft materials with, sometimes, stiffness control to interact with their environment. The main technologies reported for soft robots are Shape Memory Alloys (SMA), Shape Memory Polymers (SMP), Electro-Active Polymers (EAP), fluidic actuators, cable-driven solutions, rheological fluids and granular jamming [192] . A review of active stiffening methods for soft robotic applications, based on mechanical properties change without motion, is proposed in [14] . Reviews for variable stiffness solutions are proposed in the literature for soft robotics [14] .
The granular jamming principle is applied to develop universal grippers [85] [86] [87] 112 ], user interfaces [107] and finger-based grippers [112] . In [12, 89] , a robotic arm uses the granular jamming with ground coffee as the granular material in combination with tensioning wires to increase the stiffness of the structure. A multi-segment snake-like robot is developed in [93] , while a bellows-shaped structure is presented in [95] . The solution proposed in [98] uses the granular jamming of Styrofoam particles filling a soft vinyl tube, called Particle Mechanical Constraint (PCM).
Variable stiffness based on multi-layer beams can be applied to wearable robots, to light-weight, flexible and small-sized devices [20] . Thermoplastics can be used for grippers with variable stiffness fingers [39] and for smart innovative robotic structures with enhanced properties [13] . A gripper made of small bags filled with MR fluids and coupled to a Kuka robot allows for pick and place operations of multiple objects (typically food) [70] .
Biomimetics
A fish-like robot is developed in [193] [194] [195] . The trust generated by the caudal fin is modified by modifying its stiffness. A variable stiffness fin based on a variable-effective-length spring is proposed in [150] . The length of a plate spring is modified by displacing a PET plate along the spring. A review of under-water robots using smart actuators, such as SMA or ionic polymer metal composite (IPMC), is proposed in [196] .
A variable stiffness solution inspired by armadillo's skin is proposed in [197] . Two mechanisms are proposed: sliding and folding mechanisms for multi-layer structures. The sliding mechanism consists of sliding rigid elements to lock the possible motion of the structure. The stiffness of the structure is therefore controlled by the stiffness of the rigid parts. The folding solution is based on folding a structure with rigid patterns on a soft surface.
Other Applications
Granular jamming can be applied in soft robotics (moving robot, gripper, artificial muscle, prosthesis, highly-articulated robot, user interfaces), architecture (large customizable structures, tunable molds, vacuumed bridge, "aggregate architecture"), dynamic application (acoustic absorption, vibration attenuation), etc. [88] .
Applications of Vacuumatics can be found in innovative architecture, robotics, biomedical, etc. [100] . The initial concept of Vacuumatics had been introduced in 1971 by John Gilbert, followed by research by Frei Otto [110] . Foldable structures can be improved with granular jamming: a flexible hinge is designed such that it can be stiffened based on the granular jamming principle, locking the folded structure in a given configuration [110] .
Applications of multi-layer beams made of multiple materials can be found in active prosthetics, civil engineering with building materials, active damping of vibrations and deformable materials [28] .
A solution based on an endoskeleton-like structure may be applied to several variable stiffness robotic application, as for example a fish-like robot [131] .
SMA can be used in vibration attenuation [198] , an actuator combined with a spring [48] , etc. SMG can be used for soft gripping tools [61, 62] , smart lenses [63] and smart buttons [64] .
A Shape Memory Composites (SMC) combining SMA and SMP are proposed in [58] to create fabrics with tunable stiffness. In [199] , the combination of SMA and a wire-tensioning solution is proposed. A multi-segmented endoscopic tool can be actuated by tensioning of Nitinol wires.
Applications of MR fluids are mainly used for vibration damping (from vehicle seat suspensions to attenuation of seismic vibrations of structures) [65] .
Perspectives and Conclusions
This review gives an indication about several mechanisms and solutions that can be used for controllable stiffness and shape-locking devices. Depending on the targeted application, the requirement about stiffness gain, stiffness range or activation time may differ. The quantitative comparison based on several criteria selected for medical applications proposed in this work can help to select the most appropriate solution. A qualitative comparison takes place when the literature provides no quantitative data or when parameters cannot be quantified. The classification highlights the mechanism and properties on which the variable stiffness solutions are based. This classification can be helpful for developing new innovative solutions based on hybrid structures or new mechanisms.
Many questions remain about the fabrication of devices, the model of principles and the miniaturization of solutions. The membrane used in vacuumed or pressurized solutions has to be sufficiently strong to overtake the stress, but thin and flexible to minimize its influence on the device stiffness. Producing such membranes made of deformable and very thin material is still challenging. It is possible to fabricate them by dip molding, silicone molding, rolling and welding, blow molding, etc. The choice of material is critical, and these methods have limitations and give various performances. The model of the solutions depends on the fabrication of the structures, their working principle and the stimulus used. Experimental data are often easily available, but physical interpretation is not always easy, as for instance for the granular jamming solution (still deeply studied in fundamental research). Finally, the miniaturization of these solutions for small-scale applications is one of the most important challenge. The scaling laws have to be studied and determined for an efficient design. The requirements and specifications have to be defined, and the manufacturing of the structures may be more difficult. 
Conflicts of Interest:
The authors declare no conflict of interest.
Appendix A. Flexural Stiffness of Endoscopes
The elastic modulus (also called Young's modulus E) corresponds to the linear slope in the stress-strain curve (for tensile, compression or bending testing) [16] . Several definitions exist, but in this work, the initial slope of the stress-strain curve is used. This characteristic corresponds to the elastic behavior of the material. The elastic modulus is a proper parameter to evaluate the stiffness of materials [200] . The elastic modulus of classical robotic material (metals and plastics) is larger than 10 9 Pa, while for biological tissues and soft materials, the modulus ranges between 10 2 Pa and 10 6 Pa [41] . Soft robots have stiffness close to biological ones, which makes them safe for human interactions. One of the challenges of soft robotics would be to develop actuators able to tune their shape and stiffness (similarly to muscle tissues).
The flexural stiffness of several endoscopes has been measured and studied in the literature and is compiled in the summary Table A1 . Notice that the stiffness of medical device is not constant on the whole length of the device. The range of stiffness is specified if it has been measured for various positions on the scope, otherwise an average is given. Not all the information is provided for all the results.
In 1984, a first effort to quantify the stiffness of endoscopes (from Olympus, Japan and ACM, USA) has been performed by Nemirosvkii and Kuz'Min [201] . A lateral force implied a deflection of the endoscopes, but Wehrmeyer et al. estimated that it did not correspond to actual situation of use of endoscopes [158] . The latter authors claimed that the flexural stiffness had to be evaluated on its buckling performances as the clinical procedures are closer to column buckling as given by Equation (A1) (even if beam bending should give similar results). The bending beam theory is used to evaluate the flexural stiffness by bending of a beam clamped on both sides, with non-rotating supports (called "fixed beam bending" in our work), as given in Equation (A2) [16, 202] .
where EI is the flexural stiffness, F c is the critical force causing buckling and L is the sample length.
where EI is the flexural stiffness, F b is the bending force, L s is the support span length and δ is the deflection. The typical range of stiffness of these endoscopes is 160-240 N cm 2 [158] . Brooker et al. [5] compared a classical colonoscope (Olympus CF200HL) and a variable stiffness colonoscope (XCF-SH230L) with three-point bending tests with free rotation supports (for which the flexural stiffness is calculated from Equation (A3)). The variable stiffness is obtained by compressing or releasing a metallic helical coil, and allows for lower intervention duration and pain caused to the patient. The same bending test is used in [203] to evaluate the flexural stiffness of its colonoscope.
where EI is the flexural stiffness, F b is the bending force, L s is the support span length and δ is the deflection. Bell and Burn [204] compared the results of [5] to other colonoscopes, using the fixed beam bending with a flexural stiffness given in Equation (A2).
In [4] , the flexural and torsional stiffness of colonoscopes have been measured for different working temperatures. A reduction of 17% of the flexural stiffness is observed between 24 • C and 37 • C. In [205, 206] , the flexural stiffness of a colonoscope has been measured to 900 N cm 2 at 20 • C and to 540 N cm 2 at 40 • C.
In [207] , the author exposes the problem of stiffening colonoscopes. Difficulties encountered during colonoscopies are due to loops in the sigmoid when using flexible colonoscopes. Some endoscopists uses therefore forceps to stiffen their device. The idea of a variable stiffness devices (with several levels of stiffness) is introduced. A prototype of stiffening device the SVSC-1 (Wilson-Cook Medical Inc., Winston-Salem, NC, USA) through an Olympus colonoscope has been used in 25 patients. The stiffening device helped the procedure to decrease the duration of the interventions. Stiffening devices may be used in other interventions: pylorus intubation, other structures intubations in gastro-enterology (choledochoscopy, stenting, etc.). Table A1 . Compilation of endoscopic stiffness measured in the literature for several type of endoscopic devices (c = colonoscope, cf = colonofibroscope, gf = gastrofibroscope). Various bending test methods have been implemented (3pb = three-point bending, b = buckling, fbb = fixed beam bending). "VS" stands for "Variable Stiffness device", "avg" for "global average", "avg range" for "average over the minimal and maximal values". 
